In addition to causing severe invasive infections in humans, Streptococcus agalactiae, or group B Streptococcus (GBS), is also a major cause of bovine mastitis. Here we provide the first genome sequence for S. agalactiae isolated from a cow diagnosed with clinical mastitis (strain FSL S3-026). Comparison to eight S. agalactiae genomes obtained from human disease isolates revealed 183 genes specific to the bovine strain. Subsequent polymerase chain reaction (PCR) screening for the presence/absence of a subset of these loci in additional bovine and human strains revealed strong differentiation between the two groups (Fisher exact test: p < 0.0001). The majority of the bovine strain-specific genes (~85%) clustered tightly into eight genomic islands, suggesting these genes were acquired through lateral gene transfer (LGT). This bovine GBS also contained an unusually high proportion of insertion sequences (4.3% of the total genome), suggesting frequent genomic rearrangement. Comparison to other mastitis-causing species of bacteria provided strong evidence for two cases of interspecies LGT within the shared bovine environment: bovine S. agalactiae with Streptococcus uberis (nisin U operon) and Streptococcus dysgalactiae subsp. dysgalactiae (lactose operon). We also found evidence for LGT, involving the salivaricin operon, between the bovine S. agalactiae strain and either Streptococcus pyogenes or Streptococcus salivarius. Our findings provide insight intomechanismsfacilitatingenvironmentaladaptationandacquisitionofpotential virulence factors, while highlighting both the key role LGT has played in the recent evolution of the bovine S. agalactiae strain, and the importance of LGT among pathogens within a shared environment.
Introduction
Streptococcus agalactiae, also referred to as group B Streptococcus (GBS), is an important gram-positive pathogen, which causes severe invasive infections in adults and neonates, as well as asymptomatic infections in women (Balter et al., 2000; Dermer et al., 2004; Schrag et al., 2000) , while also representing one of many human commensal organisms colonizing the gastrointestinal and genitourinary tract. In neonates, S. agalactiae has been recognized as one of the major causes of pneumonia, meningitis, and septicemia in industrialized nations (Baker, 2000) . S. agalactiae is also recognized as an important pathogen in immunocompromised individuals and the elderly (Farley, 2001; Henning et al., 2001) . It can also survive for extended periods in the human mammary gland causing clinical and subclinical mastitis (Bradley, 2002; Hansen et al., 2004; Schuchat, 1998) . In cattle, S. agalactiae is a major cause of bovine mastitis, which is the dominant health disorder affecting milk production in the United States dairy industry, with reported annual losses due to mastitis exceeding two billion dollars (Katholm and Rattenborg, 2010; Keefe, 1997; National Mastitis Council, 1996; Wilson et al., 1999) . In addition to humans and cattle, S. agalactiae has also been isolated from a wide range of other animals including rodents, cats, dogs, elephants, dolphins, amphibians, reptiles, and fish (Bishop et al., 2007) .
Initial studies of strains of S. agalactiae isolated from human and bovine sources revealed a high degree of distinctiveness. For example, bovine strains frequently could not be serotyped, often possessed antigens absent in human isolates, and showed distinct biochemical characteristics (Finch and Martin, 1984; Pattison et al., 1955; Wanger and Dunny, 1987; Wibawan and Lammler, 1990) . Subsequent molecular studies utilizing ribotyping, polymerase chain reaction (PCR), DNA sequencing, and multilocus sequence typing (MLST), have, by examining the host distribution and evolutionary relationships among these various molecular markers, confirmed the distinctiveness of the human and bovine populations Bohnsack et al., 2004; Dogan et al., 2005; Sørensen et al., 2010; Sukhnanand et al., 2005) . Specifically, the strain sequenced here belongs to clonal complex 67, which has been identified as a putatively cow-adapted subgroup of S. agalactiae . However, studies by Martinez et al. (2000) and Brochet et al. (2006) , using RAPD and micro-array/MLST approaches respectively, showed less distinction between human and bovine populations.
Comparative genomics can provide insight into the evolutionary processes that influence bacterial populations and species. It can, for example, identify components of the genome that might play a role in virulence and/or niche adaptation and nutrient utilization. To date, three complete and five draft S. agalactiae genome sequences, all derived from human disease isolates, have been published (Glaser et al., 2002; Tettelin et al., 2002 Tettelin et al., , 2005 . Comparison of these sequences revealed that approximately 20% of the genome is dispensable, and that strain-specific genes tend to cluster into genomic islands (Tettelin et al., 2005) , suggesting that lateral gene transfer (LGT) is an important evolutionary force within S. agalactiae. Subsequent studies supported this proposal, with 35 putative integrative conjugative elements (ICE) identified within the eight genomes, while a combination of experimental and in silico approaches have shown that large genomic segments (up to 334 kbp) can be exchanged via conjugation between S. agalactiae strains (Brochet et al., 2008a,b) . Furthermore, LGT via ICE may also occur between S. agalactiae and other Streptococcus species (Davies et al., 2005 (Davies et al., , 2009 Haenni et al., 2010) . Additional mobile genetic elements (MGE) such as phages have also been implicated in LGT within and among various Streptococcus species (Beres and Musser, 2007; Domelier et al., 2009; Ferretti et al., 2001; Holden et al., 2004; Salloum et al., 2010) .
Here we provide the first genome sequence of a S. agalactiae strain isolated from a cow diagnosed with mastitis. In addition to describing the general features of this genome, we compare it to existing genome sequences of eight human isolates and to the genomes of three pathogens known to be major causes of bovine mastitis: Streptococcus uberis, Streptococcus dysgalactiae subsp. dysgalactiae, and Staphylococcus aureus (Bradley, 2002; Calvinho et al., 1998; Zadoks and Fitzpatrick, 2009) . We also use PCR to screen additional human and bovine S. agalactiae isolates for the presence/absence of genes specific to the bovine GBS genome and identify possible virulence factors associated with bovine mastitis. In addition, we look for factors linking the bovine S. agalactiae strain to other mastitiscausing pathogens. Our findings reveal a distinctive bovine S. agalactiae genome and provide evidence for LGT between bovine S. agalactiae and other mastitis-causing pathogens highlighting the importance of LGT as an evolutionary force and agent of ongoing gene exchange among Streptococcus species occupying the same habitat.
Materials and methods

Strain selection, sequencing and assembly
S. agalactiae strain FSL S3-026 was isolated from a quarter milk sample obtained from a cow diagnosed with mastitis (Wanger and Dunny, 1987) . The sample was collected on July 25th, 2000 from a cow located in Albany County, NY, and was serotype III and ST 67 (Zadoks and Schukken unpublished data) . Strain FSL S3-026 was grown overnight on 50 ml Todd Hewitt Broth at 37 °C, and genomic DNA extraction was performed using the Qiagen Gentra Puregene Yeast/Bacteria kit (scaled up from the 5 ml kit protocol). Roche/454 pyrosequencing was used to determine the genome sequence. A total of 121, 112 single-end reads and 151,772 paired-end reads were obtained on the GS-FLX sequencer. De novo assembly with Newbler Assembler Software version 1.1.03.24 yielded 390 contigs arranged in 23 scaffolds for an average coverage of 22-fold. Whenever possible, the order and orientation of the scaffolds were determined by aligning the 454 scaffold to one of the published S. agalactiae genome sequences. Inter and intra-scaffold gaps were then closed by Sanger and Illumina sequencing, and assembled into eight contigs using Sequencher version 4.9 (Gene Codes Corporation: www.genecodes.com). Although the genome sequence is not fully closed, we were able to estimate the size of several of the remaining gaps using PCR and sequencing. The gap between contigs 8 and 1 appeared to be a ~6.5 kbp duplication of a 16S-23S-5S rRNA operon and associated tRNAs. The gap between contigs 1 and 2 was approximately 500 bp. The gaps between contigs 2 and 3 and between contigs 5 and 6 may contain a large direct repeat of 49,517 bp; however, PCR and sequencing produced conflicting results as to the presence or absence of the repeat. We were unable to estimate the size of the gaps between contigs 3 and 4 and between contigs 6 and 7. For the gaps between contigs 4 and 5, and contigs 7 and 8, comparison to S. agalactiae strain A909 revealed, at the corresponding positions, the presence of 1.5 kbp and 1 kbp sections respectively, containing imperfect tandem repeats. If similar sequence exists within the bovine genome at these positions, it may have prevented successful sequencing. This Whole Genome Shotgun project has been deposited at DDBJ/EMBL/GenBank under the accession AEXT00000000. The version described in this paper is the first version, AEXT01000000.
Genome annotation and gene ontology analysis
Annotation of the de novo genome assembly of strain FSL S3-026 was performed using the NCBI Prokaryotic Genomes Automatic Annotation Pipeline (PGAAP). Using COG and CMR JCVI role categories we tested for significant enrichment or under-representation of each category within the GBS bovine genome. The eight published S. agalactiae genome sequences, derived from human disease isolates, were compared pairwise to the bovine genome. Relative enrichment or under-representation was ranked using odds ratios, and statistical significance was measured using a Fisher exact test. The false discovery rate (FDR) procedure of Benjamini and Hochberg (1995) was used to correct for multiple hypothesis testing (FDR = 0.05).
Orthology reconstruction
OrthoMCL version 2.0 (Li et al., 2003) was used to delineate orthologous protein sequences among the eight S. agalactiae genomes derived from human disease isolates, strain FSL S3-026 (bovine mastitis isolate), and the genomes of three other pathogens also responsible for bovine mastitis (S. uberis, S. dysgalactiae subsp. dysgalactiae, and S. aureus) (see Table  1 for accession and strain ID numbers). The first step in the OrthoMCL procedure was to perform a reciprocal BLASTp within and between all genome pairs. The resulting p values were then used to build a normalized similarity matrix, which was analyzed using a Markov Cluster algorithm to delineate proteins into clusters containing sets of orthologs and/or recent paralogs. Proteins were considered recent paralogs if they were more similar to each other than to any protein from another genome. Following Li et al. (2003) , a p value cut-off of 1e-5 was used in the BLASTp. Whenever possible, OrthoMCL clusters were used to help deduce putative functions of genes that were annotated as hypothetical proteins by the PGAAP.
Fragmented protein sequences, such as those that span separate contigs or insertion sequences, can be erroneously categorized as distinct orthologs. To correct for this, clusters containing single proteins were not considered distinct orthologs (rather fragments of the same protein) if they met the following criteria: (i) showed strong homology with another cluster (i.e. could potentially group together to form a single orthologous cluster), (ii) failed to group together because the protein clustering independently showed no reciprocal BLASTp hit with one of the proteins in the second cluster, (iii) the two proteins showing no reciprocal BLASTp hit originated from the same genome. Proteins that were larger than 30 amino acids and had no BLASTp hit with any other protein were considered strain specific (E-value ≤ 1e-10). Candidate bovine strain-specific genes not annotated as hypothetical proteins were then searched against NCBI databases (nr/nt and nr) using BLASTn and BLASTp to confirm their specificity. For the genes that remained specific, internal PCR primers were designed and 20 bovine and 20 human source isolates were screened for presence/absence of these genes (strain FSL S3-026 was included in the screening as a positive control). Although nucleotide polymorphism at the PCR priming site could potentially yield a false negative, the relatively low level of nucleotide divergence, typically observed at the intra-specific level of Streptococcus taxa, should render this a rare enough event that it would not significantly impact our overall conclusions. The S. agalactiae strain FSL S3-026 genome contained a high frequency of insertion sequences, often in close proximity. To avoid the confounding effect of multiple priming sites, bovinestrain-specific insertion sequences were not screened. The bovine strains were obtained from quarter milk samples collected from 20 herds in 15 counties throughout New York, USA ( Table 2 ). The human samples came from New York State, Germany, Sweden, Belgium, and Norway.
Deferred antagonism test
Production of the lantibiotic nisin by bovine S. agalactiae strains was detected using a deferred antagonism test. The test was performed following the protocol of Tagg and Bannister (1979) with the following modifications: (i) strains were grown on Columbia Agar with 5% sheep's blood, (ii) producer strains were grown in a streak at 37 °C and 7% CO 2 overnight, (iii) after the indicator strain was applied, plates were left overnight at 28 °C. Producer strain: S. uberis ATCC 27958, indicator strain: Kocuria rhizophila ATCC 9341.
Results and discussion
General features of the bovine Streptococcus agalactiae strain FSL S3-026 genome
The total length of the eight concatenated strain FSL S3-026 contigs was 2,455,848 bp. Fig.  1 shows the proposed position of the contigs and unsequenced gaps. Our assembly shows the characteristic pattern of either positive or negative GC skew in each half of the genome, as well as the same clustering of 16S-23S-5S rRNA operons and associated tRNAs immediately after the origin of replication, as seen for other S. agalactiae genome sequences. The three complete genomes derived from human disease isolates (A909, 2603V/ R, and NEM316) ranged in size from 2,127,839 bp to 2,211,485 bp. Consequently, the concatenation of the bovine GBS contigs was approximately 290 kbp (12%) larger than the mean of the three human GBS genomes. GC content of the bovine GBS genome was 36.1%, slightly higher than the three human GBS genomes, which were all 35.6%. The bovine GBS genome contained 2334 CDS. Of these, 15 appeared to be smaller fragments of other protein sequences. The human GBS genomes contained on average 248 fewer CDS (A909 = 1996, 2603V/R = 2124, NEM316 = 2094).
The number of rRNA and tRNA genes in the bovine GBS genome sequence was 18 and 70 respectively, whereas the human GBS genomes all contained 21 rRNA genes and 80 tRNA genes. However, if the proposed replication of the 16S-23S-5S rRNA operon and associated tRNAs between contigs 8 and 1 is correct, this could reconcile the discrepancy. When compared to 42 genome sequences from 10 other Streptococcus species (see Table S1 in the supplementary material), the largest genome (concatenated contigs and number of genes) belonged to the bovine S. agalactiae strain, possibly reflecting a wide range of niches already available to S. agalactiae, followed by subsequent adaptation to a bovine host. In addition, all of the S. agalactiae genomes contained considerably more RNA genes than other Streptococcus species. A possible explanation for this observation is selection for rapid growth in S. agalactiae, as genes expressed at high levels often show codon usage bias (Kanaya et al., 1999) , and Sharp et al. (2005) demonstrated that codon usage bias was strongly positively correlated with the number of rRNA operons within a bacterial genome. Approximately one third of the complete and draft GBS human genome sequences consist of CDS annotated as hypothetical proteins (Tettelin et al., 2005) . Similarly, 34.7% of the CDS within the bovine GBS genome were annotated as hypothetical proteins.
Insertion sequences
A distinctive feature of the bovine GBS genome, compared to all eight of the human GBS genomes, was the high frequency of insertion sequences (IS). The bovine GBS genome contained 97 IS that grouped into 14 orthologous clusters. The human GBS genomes contained an average of 10.1 IS orthologous clusters, with a mean number of IS within the genome of 20.4 (Fig. 2) . These findings are concordant with the results of the gene ontology analysis, which showed significant enrichment of the JCVI transposon function category for each of the pairwise comparisons (p ≪ 0.05). With the exception of comparisons to strains NEM316 and COH1, which showed FSL S3-026 enrichment for prophage functions (p ≪ 0.05), no other category was significantly enriched (see Fig. S1 in the supplementary material).
A total of 87.6% of the bovine IS grouped into four orthologous clusters, with counts of 38, 26, 12, and 9 in each cluster. Average sequence identity among sequences within each cluster was 99.0%, with sequence identity within the most frequent cluster particularly high (99.9%), suggesting a recent proliferation of IS. Furthermore, almost one third (29%) of the bovine IS occurred in tandem, an arrangement that can potentially lead to high transposase expression (Mahillon and Chandler, 1998) . Collectively, this suggests elevated mobility of genetic elements within the bovine GBS genome, many of which may have been acquired recently. Indeed, seven protein sequences within the genome appear to have been split into two by the insertion of an IS (see Table S2 in the supplementary material). This type of insertion has previously been shown to inactivate proteins within strains of S. agalactiae (Granlund et al., 1998; Spellerberg et al., 2000) , and could serve as an important evolutionary mechanism, since the inactivation of a gene within an operon can occasionally result in alternative functionality and adaptation of the organism (Phelps and Neely, 2007) . The IS may also contribute to elevated mobility of genes among S. agalactiae isolates. With a few rare exceptions (Parkhill et al., 2001 (Parkhill et al., , 2003 , the proportion of IS within a bacterial genome generally falls below 3% (Siguier et al., 2006) . Consequently, the proportion of IS within the bovine GBS genome (4.3%) is unusually high. A possible explanation for high IS proportions is an evolutionary bottleneck resulting from population isolation (Parkhill et al., 2003) . This is because IS, which are often associated with selectively disadvantageous traits and competitively removed in typical populations, are able to accumulate in very small populations, where they are less likely to be removed by competition (Parkhill et al., 2003; Siguier et al., 2006) . A bottleneck or founder effect origin for bovine GBS is consistent with the analysis of Bisharat et al. (2004) , which suggests more limited genetic diversity in the bovine population compared to human.
Strain-specific genes
Compared to the human GBS genomes, 183 orthologs were identified as specific to the bovine GBS genome. This included 103 orthologs (56%) that were annotated as "hypothetical proteins." Of the remaining 80, seven were insertion sequences and were excluded from the subsequent PCR screening of 20 bovine and human GBS strains. Of the 73 FSL S3-026 strain-specific genes screened ( Fig. 3) , half (37) were observed exclusively within bovine strains. Slightly fewer (36) were observed in both bovine and human strains; however, these were far more common in bovine than in human strains: average frequency of occurrence within each group was 60% (bovine) as opposed to 14% (human). These results, combined with that of a Fisher exact test (p < 0.0001), clearly show strong differentiation between bovine and human strains of S. agalactiae, confirming, at the genomic level, the findings of previous molecular studies suggesting differentiation between bovine and human populations Bohnsack et al., 2004; Dogan et al., 2005; Sukhnanand et al., 2005) . Collectively, these findings suggest a low potential for transmission of S. agalactiae between bovine and human hosts. However, rare transmission may nonetheless be possible, particularly if there is prolonged bovine-human contact (Manning et al., 2010) .
Numerous S. agalactiae membrane proteins have been implicated in virulence (Lindahl et al., 2005) , and almost half (17) of the genes exclusive to the bovine strains were annotated as producing some type of membrane protein (typically membrane transport or binding proteins). More specifically, six of the bovine-specific genes were ATP-binding cassette (ABC) transporter proteins, which in addition to S. agalactiae (Jones et al., 2000) , have also been shown to be important in the virulence of other bacteria, for example, Streptococcus pneumoniae and S. aureus (Basavanna et al., 2009; Mei et al., 1997) . These bovine-specific membrane proteins could be relevant for future vaccine development.
Genomic islands
With the exception of three genes (locus IDs: 03888, 10230, 12350), all genes specific to bovine strain FSL S3-026, not annotated as hypothetical proteins, were tightly clustered into eight regions, to which we refer here, as genomic islands ( Figs. 1 and 3) . A total of 25 of the bovine strain-specific hypothetical proteins (20%) occurred outside these genomic islands. This suggests that the majority of these strain-specific genes were acquired via LGT of these genomic islands, a pattern also reported for the eight published S. agalactiae genomes arising from human sources (Glaser et al., 2002; Tettelin et al., 2005) .
Genomic island I (nisin)
Genomic island I contained 24 strain FSL S3-026 specific genes, including seven hypothetical proteins ( Figs. 1 and 3 ) and the region surrounding this island was characteristic of an ICE, encompassing 59 genes (Fig. 4) . Typically, ICE have (i) a sitespecific recombinase such as an integrase gene at their 3′ end, which is used to catalyze recombination, (ii) relaxase and conjugation genes involved in the conjugation process, and (iii) recombination sites known as attL and attR that flank the element. ICEs usually insert at the 3′ end of a tRNA or protein-encoding gene (often ribosomal) (Burrus et al., 2002; Burrus and Waldor, 2004) . The putative ICE surrounding genomic island I had all of these general characteristics (Fig. 4 ). The integrase gene was a site-specific recombinase and the ICE was inserted at the 3′ end of the ribosomal gene rplL. In addition, it was located in approximately the same genomic position as ICEs in four other human source S. agalactiae genomes (2603V/R, NEM316, 18RS21, and H36B) (Brochet et al., 2008a) . These ICEs shared the same general characteristics as the putative bovine ICE and were also inserted at the 3′ end of rplL. Following the nomenclature protocol of Brochet et al. (2008a) , where an ICE is named according to its insertion site, we designated this putative bovine strain ICE as ICE_FSL S3-026_rplL. Putative recombination sites attL and attR were identified as follows: The attL site was an A + T rich (62.7%) region of 198 bp located immediately downstream of rplL, which shared 97.5% sequence identity with regions of the same length and position for three of the ICE mentioned above (2603V/R, 18RS21, and H36B). The attR site, also A + T rich (66.7%), was a region of 195 bp located immediately upstream of the integrase gene. This region shared 81.6% sequence identity with regions of the same length and position for the same three ICE (2603V/R, 18RS21, and H36B). Finally, attR contained a 15 bp motif that was a direct repeat of 15 bp at the 3′ end of rplL, which was the ICE insertion site. The complete ICE_FSL S3-026_rplL shared 46-65% identity to the ICE in the four human GBS strains.
A major feature within ICE_FSL S3-026_rplL was the presence of an 11-gene operon (14,973 bp) ( Fig. 4 ) which showed close sequence similarity (78.4%) and identical gene order to the nisin U operon of S. uberis strain 42 . Exclusion of an IS in the middle of the bovine GBS operon (see Fig. 4 ) increased the sequence identity to 86.3%. Although some of the genes within the operon showed close sequence similarity to genes from several other Streptococcus species, as well as Lactococcus lactis, S. uberis was the only species that matched the entire operon (Fig. 4) . Earlier molecular characterization of the nisin U operon in S. uberis strain 42 focused exclusively on the operon and provided no information regarding flanking regions of DNA . Furthermore, the only published S. uberis genome (strain 0140J) ) lacks the operon. Consequently, it is not possible to confirm, with currently available data, whether the nisin U operon in S. uberis is carried within an ICE. However, prior to the report of nisin within S. uberis, nisin was only reported in L. lactis, and within this species it occurs within a MGE described as a conjugative transposon, which might be more appropriately described as an ICE due to its site-specific insertion (Burrus and Waldor, 2004; Rauch and De Vos, 1992; Wirawan et al., 2006) . Recent studies have shown LGT mediated via ICEs for numerous Streptococcus species (Davies et al., 2009; Holden et al., 2009) , and collectively, the observations and findings reported above support the hypothesis that the nisin U operon was laterally exchanged between S. uberis and S. agalactiae via an ICE.
Environmental proximity is likely a dominant factor determining LGT among bacterial species. For example, Delorme et al. (2007) reported LGT between two Salivarius Streptococcus species (Streptococcus salivarius and Streptococcus vestibularis) that share the human oral cavity, and Bolotin et al. (2004) reported LGT among Streptococcus thermophilus, Lactobacillus bulgaricus, and two sub species of L. lactis, which are all found in milk. When compared to the eight human S. agalactiae genomes, the nisin U operon was specific to the bovine strain FSL S3-026 genome. In addition, the PCR screening results showed the operon to be present in one fifth of the 20 bovine isolates screened and none of the 20 human GBS isolates screened. Consequently, the presence of the nisin U operon appears correlated with a bovine environment, and its presence in two mastitis-causing pathogens (S. uberis and bovine S. agalactiae) also suggests LGT within a shared environment. Wirawan et al. (2006) PCR screened 45 S. uberis strains for the presence of the nisin U structural gene (nsuA) and its two flanking genes (nsuB and nsuG). Similar to our results for bovine S. agalactiae strains, the genes were only present in 20% of strains, suggesting that only a small proportion of strains within S. uberis possessed the ability to produce nisin. Pryor et al. (2009) examined the effect of simultaneously infecting cows with both nisin producer and non-producer strains of S. uberis. Results showed that producer strains usually predominated in intramammary infection, suggesting that the ability to produce nisin may have provided these strains with a competitive advantage during infection. The ability to produce nisin might confer a similar advantage to bovine S. agalactiae strains. However, results of our deferred antagonism test showed that none of the S. agalactiae strains possessing the nisin operon could produce nisin. Truncation of the nsaB gene by the internal IS is likely an important factor contributing to strain FSL S3-026's inability to produce nisin (see Fig. 4 ). Nonetheless, it is possible that some bovine S. agalactiae strains may possess functional nisin operons (i.e. free of IS disruption), providing them with a competitive advantage during mastitis infection.
Genomic island III (fructose-lactose)
Genomic island III contained a four-gene operon involved in fructose utilization: (i) phosphotransferase system (PTS) fructose-specific IIA component, (ii) fructose-specific IIBC PTS component, (iii) fructose-1-phosphate kinase, and (iv) transcriptional regulator (designated fruD, fruC, fruP, and fruR respectively) ( Figs. 3 and 5 ). Five other bovine strain FSL S3-026 specific genes flanked this operon. Annotated products were a putative lactose PTS repressor protein, a nitrogen regulatory protein P-II, a fragmented methionine synthase, and a hypothetical (designated lacR, N, meth, and H respectively) (Fig. 5 ). The PCR screening results showed the complete fructose operon to be present in 95% of the bovine samples and none of the human samples. The lactose repressor, nitrogen regulatory, and methionine synthase genes were similarly differentiated with a significant bovine bias (Fig.  3) . Regarding the fructose operon, this differentiation suggests a unique fructose utilization pathway for the bovine population of S. agalactiae, which might facilitate survival in potential extramammary reservoirs such as the bovine rumen. The nitrogen regulatory gene was also strongly differentiated, present in all bovine samples screened and none of the human samples. The product of this gene belongs to a family of signal transducing adaptor proteins that control nitrogen metabolism, suggesting that nitrogen metabolic processes might be distinct in the bovine S. agalactiae population.
The gene for the lactose PTS repressor protein (lacR) was within a nine-gene lactose utilization operon (lacXGEFDCBAR) just downstream of the fructose operon. The combined sequence of the lactose operon, the fructose operon, the methionine synthase, the nitrogen regulatory protein, and three genes downstream of the lactose operon (two hypotheticals, and an integrase) forms a sequence of 16,031 bp that shares 99.0% sequence identity with a contiguous sequence in S. dysgalactiae subsp. dysgalactiae (strain ATCC 27957) (Fig. 5 ). This sequence identity excluded two IS that were inserted between the integrase gene and a hypothetical in S. agalactiae (FSL S3-026) (Fig. 5 ). An approximately 60 kbp genomic region surrounding this 16 kbp sequence in S. dysgalactiae subsp. dysgalactiae was characteristic of an ICE, with an integrase gene at its 3′ end, a relaxase gene, and four conjugation genes. Excluding the highly similar 16 kbp region shared between S. dysgalactiae subsp. dysgalactiae and bovine strain FSL S3-026, this putative ICE had a largely similar gene content and gene order to ICE_FSL S3-026_rplL (67.2% sequence identity). Therefore, we used an alignment of ICE_FSL S3-026_rplL with the putative ICE in S. dysgalactiae subsp. dysgalactiae to help identify the limits of the element in this subspecies. The ICE appears to have been inserted into a 986 bp A + T rich (70.1%) region of non-coding DNA. The putative attL and attR sites were 896 bp and 90 bp respectively, and contained a direct repeat of 23 bp. The region surrounding the 16 kbp sequence in the bovine strain FSL S3-026 genome was not characteristic of an ICE. However, this section was flanked by four IS (two upstream and two downstream). This section of the genome, therefore, may have been relocated from an ICE or other MGE. Indeed, another putative ICE was located approximately 51 kbp downstream of this location. This particular ICE (corresponding to locus IDs 11385-11760) was flanked by tRNALys and the ribosomal gene rpmG. Both genes are potential insertion sites, and numerous MGE have been reported inserted at these two genomic locations in other S. agalactiae genomes (Brochet et al., 2008a; Haenni et al., 2010) . The very high sequence identity of the 16 kbp section of DNA shared between S. dysgalactiae subsp. dysgalactiae and bovine strain FSL S3-026 is strongly suggestive of LGT between these two species, and the characteristics of the DNA flanking this section in both species make transportation via an ICE the most likely explanation. Consequently, this appears to be a second example of LGT between S3-026 and another mastitis-causing Streptococcus species, sharing the same bovine environment.
Comparisons of the 16 kbp sequence from strain FSL S3-026 and S. dysgalactiae subsp. dysgalactiae to the genome sequences of the human strains of S. agalactiae identified a similar lactose operon in strain NEM316 that contained an additional gene between lacF and lacD, an antiterminator (lacT), which may function to regulate the expression of the operon (Alpert and Siebers, 1997) . With the exception of lacX, the gene order and content of this lactose operon within strain FSL S3-026 corresponded to the lactose operon designated Lac. 2 in Streptococcus pyogenes (Ferretti et al., 2001 ) (lacX was absent in S. pyogenes). Other human GBS strains, however, do not possess this Lac.2 operon, but instead have a different lactose operon containing 10 genes: lacXDCBA-Neuraminidase-IICIIBIIAlacR (IIC, IIB, IIA refer to PTS components C, B, and A respectively). With the exception of lacX and neuraminidase, this second lactose operon is also shared with S. pyogenes (lacX and neuraminidase were absent in S. pyogenes), and is referred to as Lac.1.
Using a combination of BLASTn and DNA sequence alignments, Streptococcus genomes in the NCBI database were searched for the presence of Lac.1 and Lac.2. Lac.2, which was absent in all human strains of S. agalactiae except NEM316, was detected in a wide diversity of 12 additional species representing four of the six streptococcal taxonomic groups: Pyogenic, Mitis, Mutans, and Bovis (Kawamura et al., 1995) (see Table S3 and Fig.  S4 in the supplementary material) . In contrast, Lac.1 was only detected in four species, in addition to S. agalactiae (Table S3 ) (all five species belonged to the Pyogenic group). Three of these taxa (S. pyogenes, S. uberis, and S. dysgalactiae subsp. dysgalactiae) also contained Lac.2. Although gene content of each lactose operon was generally conserved across all species, there were some differences ( Figs. S3 and S4) . Interestingly, three of the four Streptococcus species that possessed both Lac.1 and Lac.2 (S. agalactiae, S. dysgalactiae subsp. dysgalactiae, and S. uberis) also cause bovine mastitis. However, in FSL S3-026 Lac. 1 was fragmented by two IS, and two genes (lacX and lacD) were missing, possibly rendering the operon nonfunctional. This appears to suggest, therefore, that bovine and human strains of S. agalactiae may have distinct lactose utilization pathways involving Lac. 1 in human strains and Lac.2 in bovine strains. However, Caparon (2006, 2007) have shown that for S. pyogenes Lac.1 no longer participates in lactose utilization. Rather, the operon (specifically lacD.1) has adapted to become a metabolic sensor that regulates the transcription of a virulence gene (speB). The Lac.1 operon in S. agalactiae may have similarly adapted to a role in virulence. More specifically, it may be utilizing the neuraminidase-related protein. This locus showed 58% sequence identity to the neuraminidase gene nanA of S. pneumoniae, which has been shown to be important in colonization and persistence in the nasopharynx and middle ear (Tong et al., 2000) ; neuraminidase has also been implicated as a virulence factor in a number of other bacteria (Soong et al., 2006) . Lac.2, within strain NEM316, was located within ICE_NEM316_rplL (Brochet et al., 2008a) , and given the prevalence of Lac.2 within other Streptococcus species, and its absence in the other human strains of S. agalactiae, it seems likely that strain NEM316 acquired Lac.2 via LGT from a species of Streptococcus other than S. agalactiae. Sequence identity for Lac.2 among Streptococcus species provides some support for this hypothesis, as the highest identity for strain NEM316 was with Streptococcus gordonii (lac-GEFTDCBA = 76.8%), whereas sequence identity between strains NEM316 and FSL S3-026 was 59.6%.
Genomic islands VII and VIII (prophages)
In addition to ICEs, other MGEs such as phages have been shown to be important vehicles for LGT within and among Streptococcus species (Boyd and Brüssow, 2002; Brenciani et al., 2010; Canchaya et al., 2004; Davies et al., 2007) . Two regions within the bovine strain FSL S3-026 genome, corresponding to genomic islands VII and VIII, were characteristic of prophages (Fig. 1) . Each region displayed the distinctive modular arrangement of tailed prophage structural genes described for lactic acid bacteria (Canchaya et al., 2003) , and shared high sequence identity with prophage LambdaSa04 of S. agalactiae strain A909 (Brenciani et al., 2010; Tettelin et al., 2005) . The putative prophages corresponding to genomic islands VII and VIII were designated prophages A and B respectively. Each prophage was located on an opposite replichore and orientated in the opposite direction (Fig.  1) . End points of these putative prophages were determined by identifying putative attL/attR sites (see Fig. S2 in the online supplementary material). Putative prophage B contained 61 genes (53,465 bp), with the attR end containing a span of 41 genes (38,325 bp) including 22 structural prophage loci (Fig. S2 ). Within this section, there were 15 hypothetical proteins, three of which were bovine strain FSL S3-026 specific. This 41-gene section shared 80.3% sequence identity with prophage LambdaSa04 of S. agalactiae strain A909. The attL end of prophage B contained 20 genes (15,140 bp), of which 13 were FSL S3-026 strain specific. Of the strain-specific genes, eight were annotated as hypothetical proteins. The remaining five genes encoded three putative ABC membrane transporter subunits, a putative signal protein, and a putative transcription regulator (TetR) (Fig. 3) . On average, the PCR screening detected each of these genes in approximately half of the bovine isolates, with only two occurrences of one of the ABC subunits in the human isolates (Fig. 3) . ABC transporter proteins have been shown to be important for the virulence of several Streptococcus species including S. agalactiae (Basavanna et al., 2009; Jones et al., 2000; Mei et al., 1997) , and
LGT of virulence factors via prophages is an important evolutionary mechanism in many bacterial species including Streptococcus (Boyd and Brüssow, 2002; Brenciani et al., 2010; Canchaya et al., 2003) . The 38,325 bp attR end of prophage B aligned well with the 38,660 bp attR end of prophage A. All the prophage structural genes were contained within this section and the sequences shared 84.6% sequence identity. We were not able to locate the 13 bp motif for the attL site corresponding to prophage A, and consequently could not determine the precise starting point for this prophage. It is possible the attL site may have been located within the unsequenced gap between contigs 6 and 7. This putatively incomplete attL end of prophage A contained 10 intact genes, eight of which were bovine strain specific. Two were annotated as chromosome segregation ATPase and an IS, the remainder were annotated as hypothetical proteins. The structural region of prophage A contained 11 bovine strain-specific genes. These were annotated as hypothetical proteins or were associated with prophage function.
Genomic island VI
The region encompassing genomic island VI contained a number of genes characteristic of an ICE: a site-specific recombinase, relaxase, and six conjugative genes (Fig. 3) . However, we were not able to locate putative attL and attR sites, which could be due, in part, to the high frequency of IS within this region. There were 12 IS with 10 occurring in tandem, suggesting this region may have experienced considerable rearrangement. Genomic island VI contained 66 CDS. Of these, 31 were bovine strain FSL S3-026 specific, including 12 annotated as hypothetical proteins and one IS. Six of the 18 remaining strain-specific genes were characteristic of functional ICEs. Of the remaining 12 genes, five had annotations associated with cell membrane processes (e.g. binding and transport), a class of proteins implicated in S. agalactiae virulence (Lindahl et al., 2005) . PCR screening results showed the strongest bovine bias for a single-strand binding family protein, cobalt transport protein, and a putative drug/sodium antiporter (Fig. 3) .
Genomic island V (salivaricin)
Genomic island V contained 21 bovine strain FSL S3-026 specific genes of which nine were annotated as hypothetical proteins and three as ABC transporter genes. However, the most notable feature of this island was an operon involved in the production and immunity to the lantibiotic salivaricin A. First reported in S. salivarius, the complete operon (SalA) contains seven genes: salAMTXYKR (Ross et al., 1993; Wescombe et al., 2006) . The operon in the bovine FSL S3-026 genome lacked the structural salA gene and the first 124 bp at the 5′ end of the salM gene. This latter aspect was most likely due to the insertion of an IS located immediately upstream of the truncated salM locus and perhaps renders the SalA operon in the FSL S3-026 genome nonfunctional. However, the deletions to the SalA operon seen in the FSL S3-026 genome may not be typical of S. agalactiae. Wescombe et al. (2006) detected two strains of S. agalactiae that could produce salivaricin. The ability to produce salivaricin, however, may be restricted to the bovine population as no human GBS strains, in our screening, contained the operon (three individuals each possessed a single gene: either salM or salR). The production of salivaricin may nonetheless be rare in the bovine population, since (i) the PCR screening results revealed only two additional bovine strains that contained five of the seven SalA genes, and (ii) Wescombe et al. (2006) screened a total of 16 S. agalactiae strains, all isolated from bovine mastitis sources (John Tagg, personal communication), and only the two strains mentioned above could produce salivaricin.
Despite the incomplete nature of the salivaricin operon in the FSL S3-026 genome, the findings of Phelps and Neely (2007) suggest a possible alternative function. They proposed that the salivaricin operon in an M14 serotype strain of S. pyogenes, which possessed a mutated and non-functional salA gene, and consequently lacked the ability to produce salivaricin, had shifted its immunity function from salivaricin to the host immune system. No longer required for immunity to salivaricin, they demonstrated that the salY gene of this bacterium was now required for survival within macrophages. If a similar adaptation has occurred for the bovine FSL S3-026 strain, it might be able to evade the bovine immune system and persist for an extended period of time within the udder, which is consistent with the persistent nature of bovine intramammary S. agalactiae infections (Li et al., 2008) . Similarly, Li et al. (2008) showed alternative function for salivaricin genes, demonstrating that the salK/salR genes were required for full virulence in Streptococcus suis. In this case the genes were not contained within a salivaricin operon and were surmised to be functioning as a two-component signal transduction system controlling virulence by regulating distant gene expression.
The presence of the salivaricin operon as a bovine FSL S3-026 strain-specific genomic island suggests LGT. Like the fru operon, the salivaricin operon was flanked by IS and may have been relocated from a MGE elsewhere. Suggesting other instances of LGT involving these loci, the salivaricin genes salK/salR from S. suis are carried on an ICE . The closest BLASTn matches to the FSL S3-026 salivaricin operon (9608 bp) included three S. pyogenes strains (closest match: coverage = 100%, identity = 98.3%) followed by two S. salivarius strains (closest match: coverage = 100%, identity = 94.4%). Therefore, despite the strong differentiation detected between bovine and human strains of S. agalactiae, these findings suggest the possibility of LGT between the bovine FSL S3-026 strain of S. agalactiae and another Streptococcus species from a human host. At the same time, it is also possible that this LGT history involves S. salivarius within the bovine environment, as evidenced by occasional isolation of S. salivarius from bovine bulk tank milk (Zadoks et al., 2004) and clinical bovine mastitis (Nam et al., 2009 ).
Genomic islands II and IV (repeat regions)
Contigs 2 and 8 contained a 49,517 bp exact repeat (Fig. 1) . With the exception of 270 bp obtained via Sanger sequencing, the repeat sequence was represented by a single 454 sequencing scaffold that had an average coverage of 91-fold, whereas the remainder of the genome had an average coverage of 22-fold, suggesting that the sequence had been repeated four times. Positioning of the repeat scaffold within the genome required supplementary Sanger sequencing, and we could unambiguously position the repeat within contigs 2 and 8. The positioning of the remaining two repeats between contigs 2 and 3 and contigs 5 and 6 ( Fig. 1) remains tentative due to conflicting PCR and sequencing results regarding presence or absence of the repeat.
Interestingly, the human S. agalactiae strain NEM316 also contained a direct repeat of similar size to the one in the bovine strain. Designated pNEM316-1, the NEM316 repeat was 47,068 bp and repeated three times (Glaser et al., 2002) . Overall, the bovine GBS and NEM316 repeats were moderately related (65.2%). However, they showed a mosaic pattern of similarity, with numerous genes sharing much higher sequence identity (average identity: 76.9%); eight of these shared genes were similar to proteins involved in plasmid replication and transfer. One of these genes was the putative integrase identified by Glaser et al. (2002) . The terminal 24 bp at each end of the bovine strain repeat (designated FSL S3-026-S20) contained imperfect inverted repeats that were virtually identical to the inverted repeats at the ends of repeat pNEM316-1 (the regions differed by one base pair) ( Fig. S5  supplementary material) . In addition, immediately exterior to pNEM316-1 and FSL S3-026-S20 there were direct repeat motifs (putative attL/R sites) of either 9 or 10 bp for pNEM316-1 and 9 bp for FSL S3-026-S20. For each insertion of a repeat sequence, there was a unique 9/10 bp repeat motif. Glaser et al. (2002) showed that pNEM316-1 could be present in a circular form, and proposed that this sequence was a type of integrative plasmid. Given the similarity between pNEM316-1 and FSL S3-026-S20, it is likely that FSL S3-026-S20 is a similar type of genetic element. The possibility that the repeat could be located between contigs 2 and 3 and contigs 5 and 6 is supported by the presence of 8 bp direct repeats located at the terminal region of the contigs flanking the two gaps. FSL S3-026-S20 contained a total of 51 genes and virtually all (47) were annotated as hypothetical proteins. A total of 25 genes were bovine FSL S3-026 strain specific, with four having an annotation other than hypothetical protein (Fig. 3) . Two of these four proteins contained the LPXTG anchoring motif. Proteins with this motif are usually covalently linked to the cell surface and are implicated in pathogen survival within the host (Navarre and Schneewind, 1999; Schneewind et al., 1995) . In the case of mastitis caused by S. uberis, experimental challenge studies have demonstrated a role for sortase and sortase anchored proteins in virulence, most of which carry the LPXTG anchoring motive (Leigh et al., 2010) . Consequently, each of the four copies of FSL S3-026-S20 may contribute to virulence of the bovine S. agalactiae strain, and given the nature of the repeat sequence, these potential virulence factors may have been exchanged with other bacteria via LGT. PCR screening of these four genes indicates they occur in fairly low frequency and are largely restricted to the bovine population (Fig. 3) .
Conclusion
Our findings corroborate, at a genomic level, previous studies showing that strains of S. agalactiae isolated from cows diagnosed with bovine mastitis are distinct from human disease isolates. A major factor responsible for this distinctiveness appears to be LGT, and here we report multiple examples involving a number of different mobile genetic elements, including ICE, IS, phages, and plasmids for the bovine mastitis isolate FSL S3-026. Importantly, many of the examples of LGT involve the exchange of potential virulence factors. Furthermore, we provide strong evidence for two independent cases of LGT between bovine S. agalactiae and two other Streptococcus species within a shared bovine environment: (i) S. uberis and (ii) S. dysgalactiae subsp. dysgalactiae. This exchange of genetic material between separate mastitis-causing species may have aided the continued adaptation of S. agalactiae to the bovine environment and incorporated potential virulence factors into the genome. Although bovine mastitis caused by S. agalactiae is currently treated effectively with penicillin (Keefe, 1997) , the prevalence of genetic exchange between S. agalactiae and other mastitis-causing pathogens reported here is cause for concern. Specifically, other mastitis-causing pathogens are less responsive to antibiotics (Wilson et al., 1999) , and evidence is accumulating that LGT is an important mechanism contributing to increased antibiotic resistance. For example, S. pneumoniae and Streptococcus dysgalactiae subsp. equisimilis have tetracycline resistance genes associated with IS and ICE (Doherty et al., 2000; Liu et al., 2008) . Consequently, in addition to possibly facilitating adaptation to the bovine host, LGT between bovine S. agalactiae and other pathogens within this environment may result in the acquisition of increased antibiotic resistance. As with numerous other bacterial species, LGT has clearly played a significant role in the recent evolution of bovine S. agalactiae. Our findings highlight the importance of this type of genetic exchange among pathogens within a shared environment. Genome map of Streptococcus agalactiae bovine strain FSL S3-026. Starting from the outermost ring and moving inwards, rings show the location of: (1) eight genomic islands (see text for detailed description), (2) eight assembled contigs (numbers circled), (3) bovine strain specific CDS, (4) prophage CDS and insertion sequences, (6) all annotated CDS on the leading strand, and (7) all annotated CDS on the lagging strand. Two innermost rings show GC content and GC skew. Map was created using the software CGView (Stothard and Wishart, 2005) . Results of PCR screening for presence/absence of 73 orthologs identified as specific to Streptococcus agalactiae bovine strain FSL S3-026 when compared to eight human GBS strains; 20 bovine and human GBS strains were screened (bovine strains included FSL S3-026 as a positive control). Blue bars show frequency of occurrence in bovine GBS strains and red bars show frequency for human GBS strains. CDS annotations are followed by locus IDs. Orthologs belonging to the separate genomic islands described in text are boxed. Seven orthologs (indicated with an asterisk) existed as duplicate copies (four in the repeats and three in the prophages), and although the screening could determine general presence/ absence for these orthologs, it could not determine which particular copy was present. The three prophage orthologs are only shown within genomic island VII. Gene organization within putative integrative conjugative element ICE_FSL S3-026 (genomic island I). Locus IDs for the rplL and integrase genes are shown in parentheses. Orange genes are specific to the bovine Streptococcus agalactiae strain FSL S3-026 when compared to eight other human S. agalactiae strains. Grey shaded boxes depict the 11 gene nisin operon. Bottom box shows an alignment between the nisin U operon from Streptococcus uberis (strain 42) (white genes) and the operon found within the putative ICE (ICE_FSL S3-026_rplL) of S. agalactiae (strain FSL S3-026). The nisin genes in S. agalactiae are designated here as nsa. Nucleotide sequence identities are shown below each gene. The green gene is an insertion sequence (IS) that has fragmented nsaB. Two horizontal bars are a generalized representation of the aligned nucleotide sequences, with black shading representing 100% identity. Figure created using the programs Geneious v5.1 (Drummond et al., 2010) and Adobe Illustrator. Gene organization within highly similar 16kbp sequence shared between bovine Streptococcus agalactiae strain FSL S3-026 and Streptococcus dysgalactiae subsp. dysgalactiae strain ATCC 27957. Orange genes are specific to the bovine S. agalactiae strain when compared to eight other human S. agalactiae strains and correspond to genomic island III. Fructose and lactose gene designations follow Wen et al., 2001 and Siezen et al., 2005 respectively. Green genes are insertion sequence (IS). Two horizontal bars are a generalized representation of the aligned nucleotide sequences, with black shading representing 100% identity. Table 1 Accession numbers for each species and strain used in the orthology reconstruction.
Accession number
Species and strain ID Infect Genet Evol. Author manuscript; available in PMC 2011 August 1.
